Abstract-This brief focuses on the physical characteristics of three dielectric films which can induce a significant degree of tensile or compressive stress in the channel of a sub-90-nm node MOS structure. Manufacturable and highly reliable oxide films have demonstrated, based on simulation, the ability to induce greater than 1.5-GPa tensile stress in the Si channel, when used as shallow trench isolation (STI) fill. Low-temperature blanket nitride films with a stress range of 2 GPa compressive to greater than 1.4 GPa tensile were also developed to enhance performance in both PMOS and NMOS devices. Combined with a tensile first interlayer dielectric film, the stress management and optimization of the above films can yield significant performance improvement without additional cost, or integration complexities.
I. INTRODUCTION
Despite significant challenges to device scaling, Moore's Law has continued to be a driver for the semiconductor industry. In order to continue conventional CMOS device scaling to its extreme theoretical limit and to keep Moore's Law on track, technologists are using strain engineering to further enhance and extend device performance. Unlike junction engineering, gate oxide scaling or poly CD reduction, only strain engineering is able to deliver enough performance boost to enable Moore's Law beyond the 90-nm node [1] , [2] . The nearly 4.2% lattice mismatch between the single crystal Ge and Si lattice structure is the foundation of strain engineering in the silicon industry. The electronic conduction and valence band structure of SiGe was well established following the early preparation of homogenous SiGe alloys nearly four decades ago [3] , [4] . The advent of pseudomorphic deposition of Si on Ge x Si 10x extended this understanding to strained lattice structure and enabled examination of electrical characteristics of strained-Si [5] . The cited work conclusively predicted strained-Si to have higher carrier mobility than the relaxed Si lattice structure. The enhanced mobility in strained-Si is partly due to reduced intervalley phonon scattering and lower effective mass. The induction of localized strain via deposition of dielectric films is an alternative way to induce localized stress in the channel of sub-90-nm devices. Films like salicide, oxide and nitride spacers can affect device performance by inducing strain in addition to other effects. In this brief we focus on three dielectric layers that, when integrated, can create significant strain in the channel of a MOS device. In particular, we discuss the phenomenon of stress magnification in the channel of a sub-90-nm device.
II. TRENCH ISOLATION
Despite its compressive nature and degradation of NMOS mobility, high density plasma (HDP) is currently the most commonly used gap-fill technology for shallow trench isolation (STI) applications due to ease of polishing and superior wet etch rate results. As geometries shrink, however, the issue of stress and the degradation of NMOS mobility caused by films deposited via HDP technology could be a significant process disadvantage. For example, although STI depth has remained nearly constant in the past few technology nodes, the pitch in a 65-nm node could be as aggressive as < 200 nm. Combined with an estimated poly pitch of less than 200 nm, trench processing can induce significant stress in the channel of the minimum design rule structures.
Scott et al. [6] first reported considerable reduction of NMOS I dsat as the device width decreases, for a given device length. They therefore concluded that the effect of HDP compressive stress is more profound on the NMOS device performance; PMOS performance remained unaffected by decreasing width.
In this brief, we will discuss an innovative product, the high aspect ratio process (HARP), developed using a new O3/ tetraethoxylonesilane (TEOS)-based subatmospheric chemical vapor deposition trench fill process. This technology is intended to have two key benefits: a greater than 6:1 aspect ratio gap-fill capability without voids or seams; and the ability to tune an induced stress on silicon. As deposited, this film is nearly 200-MPa tensile. Due to absorption of moisture from the air, the film stress changes from tensile toward compressive over a period of 24 h. By properly annealing the film in an inert gas or a gas with nitridizing agent we can stabilize and tune the stress (Fig. 1) . Depending on annealing conditions and ambient gas such as N 2 , N 2 O, NO or NH 3 one can tune the final stabilized stress to a value from tensile to compressive.
Modeling showed that the high aspect ratio of the shallow trenches at the sub-90-nm node increase the stress near the surface of the silicon. Furthermore the visco-elastic relaxation of the stresses in the deep trench is so much slower than the stress relaxation in a plain oxide film, that with suitable process control, the STI process can control channel stresses. Many steps in the front end of the process also generate mechanical stress, but in general the generated stresses add/subtract to the stress generated by the STI. Note, the steps that substantially change the structure of the silicon or trench (e.g., S/D SiGe epi), also directly change the stresses caused by the STI process.
In our simulations we have used a visco-elastic model, with parameters from Senez et al. [7] , [8] . After some small calibration adjustments of the model parameters, the model well captures the annealing behavior of the blanket oxide film. The elastic mechanical stresses are created by the difference in the temperature expansion coefficient between silicon and the oxide trench fill. In addition, when the trench fill comprises the new TEOS-based oxide, the structural rearrangement of oxide during the anneal process causes the material to contract, giving rise to additional (and opposing) stresses. At high temperatures (> 800 C) and at high stresses the oxide becomes viscous, and the elastic stresses relax. The distribution of the lateral stress component is shown in Fig. 2 . In the simulations the HDP oxide is assumed relaxed at the process temperature of 900 C and the temperature is then ramped down to room temperature. The oxide has a smaller thermal expansion coefficient than silicon, thus, the HDP oxide will not shrink as much as the silicon during ramp down. Hence, a compressive lateral stress will be generated in the structure. In the tensile oxide process, the reactions in the oxide during ramp up cause it to shrink, and generate strong tensile stresses. The tensile stresses are partly relaxed by the viscous flow of the oxide at high temperatures, and somewhat reduced during ramp down due to the larger thermal expansion coefficient of silicon. However, large tensile stresses can still remain in the structure after the completed process. Note that the lateral stress component increases (around 50%) from the mid-trench up toward the surface of the silicon. This increase is caused by the fact that the oxide contraction (as well as expansion) is both lateral and vertical. When the aspect ratio of the trench is large, the vertical contraction "amplifies" the tensile lateral stress at the surface of the silicon. The one-dimensional simulation and the wafer bending experiment indicate that, if the oxide in the trench relaxes as much as the oxide film on the flat wafer, most of the tensile elastic stress would be relaxed in a typical annealing process. However, in the visco-elastic model for the oxide behavior the shear (deviatoric) stresses are relaxed much faster than the pressure (dilatational) component. Our modeling results show that as the aspect ratio increases (narrower trenches), the stress relaxation in the trench becomes much slower than in the film on top.
As discussed above, strained silicon improves NMOS device performance by increasing the mobility of carriers in the inversion layer. While the mechanism for electron mobility improvement is still a topic of research, the cause is often assumed to be a reduction in the intervalley acoustic phonon scattering rate, as well as a reduction in effective mass. Currently, the mobility models of standard device simulation programs do not include the effect of strained silicon on inversion layer mobility. However, Oldiges et al. [9] has demonstrated that adjusting the surface acoustic phonon scattering term in a standard mobility model is an effective approximation; this is the approach adopted here. Using the Darwish-Klaasen [10] mobility model, the mobility parameters were tuned so as to match the universal mobility data as well as strained silicon mobility data for varying values of the surface acoustic scattering coefficient. The calibrated mobility model was then used in numerical device simulation to estimate the impact of the improved mobility on drain current. The device structure used was the so-called "MIT 50-nm well-tempered MOSFET," one of a series of MOS device structures commonly used in the academic community for scaling and carrier transport research [11] . The results, as seen in Fig. 3 , show a larger than 12% increase in drain current for strain. This is equivalent to tensile strain of 1.6 GPa. Experimentally, we verified these results, using micro-Raman scattering measurement. Fig. 4 shows the measured Raman scattering peaks for HARP and HDP along with the Si substrate. The data indicates that Si with HARP is under tensile stress to about 218 MPa while the Si channel with the HDP filled trenches is under compressive stress to about 43 MPa. It is important to note that the measured data represents the average stress in the layer since the excitation light penetrates into the unstressed silicon substrate.
III. NITRIDES AND FIRST INTERLAYER DIELECTRIC
An alternative method of local stress induction is applied post salicidation via deposition of a stress inducing nitride layer [1] , [2] . In most published brief the stress of the nitride is tuned to tensile. As a result, the silicon beneath would be compressive. The channel of the transistor Fig. 3 . Drive currents of a simulated NMOS device for stress conditions predicted by the simulations presented in Fig. 2(left) . would respond to this compressive force by becoming tensile. Nitride deposition, in this brief, is done at a low temperature of 400 C. Both liquid and gas based silicon sources can be combined with NH3 to deposit a conformal nitride at low temperature. Other physical characteristics of the film such as etch rate and index of refraction are kept nearly constant throughout this stress variation range.
It is known that the incorporation of hydrogen during the plasma-enhanced chemical vapor deposition (PECVD) growth into the silicon nitride film generates N-H and Si-H bonds in addition to dominant Si-N bonds [12] . The presence of N-H and Si-H bonds plays an important role in determining the stress of the SiN film. Fig. 5 shows the measured absorption FTIR spectra for samples with stresses varying from high compressive to high tensile. Notice that the peak position and absorption strength of the N-H, Si-H, and Si-N vibration modes are affected by the degree of stress in the film.
Table I summarizes the measured N-H, Si-H, and Si-N peak position (cm 01 ) and the area under each absorption peak. Notice that the N-H peak position increases with the increasing tensile stress, while the opposite behavior is observed for Si-H and Si-N. To understand the role of hydrogen on the film stress, the ratio and sum of the peak areas of N-H and Si-H were calculated. It can be seen that the sum of the N-H and Si-H peak areas remains nearly the same, indicating that total hydrogen content of the films are nearly the same, which was confirmed by the NRA measurement. In addition, as the film becomes more tensile the N-H/Si-H ratio decreases which indicates an increase in Si-H bonds and a decrease in N-H bonds, since the total hydrogen content remains nearly the same. It is known that the formation of Si-H bonds tends to reduce the strength of remaining Si-N bonds attached to the same Si atom due to the electro-negativities of Si, N and H atoms [13] . This implies that as the films become more tensile, the Si-N peak position will red shift, which is clearly seen from the measured Si-N peak positions. As the Si-N bond strength weakens, its length increases, which amounts to a stretching of the SiN film making it more tensile. This can produce a larger compressive stress on the underlying Si substrate. In addition, the weaker Si-N bonds can strengthen the remaining N-H bonds making the N-H peak position blue shift. This was clearly observed in the FTIR measurement when the stress in SiN film changes from 1.3 GPa compressive to 1 GPa tensile the N-H peak position changed from 3332 cm 01 to 3357 cm 01 . It was also found that as the Si-H concentration increases, the peak position of the Si-H bond decreases in energy (lower wave number), indicating the increase of the Si-H bond length. One possible explanation is that the stretching of the Si-H bonds is due to attractive force on hydrogen atoms by the nitrogen atoms, which have donated hydrogen atoms to silicon to increase the Si-H concentration. Similar enhancement of attraction was also observed between the remaining N-H bonds as the film becomes more tensile. This study shows that the higher ratio of Si-H bonds to N-H bonds, for a given amount of hydrogen in a SiN film, plays an important role on the stress of the film. One way of changing the magnitude of the stress in the channel is to modulate the thickness of the nitride film. Due to restrictions on lithography and etch, however, the nitride film cannot be thick enough to allow extension of the stress inducing nitride process to future nodes. In general, the nitride layer film is followed by a first interlayer dielectric deposition, which in most processes is a fixed nontunable compressive film. In this brief we tuned the stress of the nitride and then enhanced the magnitude of the locally induced stress on silicon by depositing a stress tunable first interlayer dielectric, i.e., we used this subsequent layer to increase the effective thickness of the stress inducing nitride layer.
IV. CONCLUSION
We have demonstrated three dielectrics films that, when integrated together, can induce a significant degree of strain into the channel of a sub-90-nm device. Due to tunability of stress, both PMOS and NMOS devices can benefit from the above films, depending on which integration methods are implemented. Combined with traditional techniques to induce stress in the channel, such as SiGe processing, this unique stress management can significantly boost the next-generation device performance and extend Moore's law.
